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Abstract
The southern corn rootworm, Diabrotica undecimpunctata howardi Barber  (Coleoptera: Chrysomelidae), was 
exposed over multiple generations to vacuolar (v)ATPase-A double-stranded (ds)RNA, first as adults and later, as 
neonate larvae. During adult selection, high mortality and lower fecundity were observed in the RNAi-selected 
cages after beetles were exposed to sublethal dsRNA concentrations that varied between LC40 and LC75. During 
larval selection, a delay in adult emergence and effects on population growth parameters were observed after 
neonates were exposed to sublethal dsRNA concentrations that varied between LC50 and LC70. Some of the 
parameters measured for adult emergence such as time to reach maximum linear adult emergence, time elapsed 
before attaining linear emergence, termination point of the linear emergence, and total days of linear emergence 
increase, were significantly different between RNAi-selected and control colonies for at least one generation. 
Significant differences were also observed in population growth parameters such as growth rate, net repro-
ductive rate, doubling time, and generation time. After seven generations of selection, there was no indication 
that resistance evolved. The sublethal effects caused by exposures of southern corn rootworm to dsRNAs can 
affect important life history traits and fitness especially through delays in adult emergence and reduction in popu-
lation growth. Although changes in susceptibility did not occur, the observation of sublethal effects suggests im-
portant responses to potential selection pressure. Assuming resistance involves a recessive trait, random mating 
between susceptible and resistant individuals is an important factor that allows sustainable use of transgenic 
plants, and delays in adult emergence observed in our studies could potentially compromise this assumption.
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RNA interference (RNAi) is a gene silencing technique that uses 
double-stranded (ds)RNA to suppress gene expression (Fire et  al. 
1998, Fire 2007). This unique mode of action and lethality associ-
ated with knockdown of essential genes makes RNAi an important 
option as a novel pest control technique (Huvenne and Smagghe 
2010, Gu and Knipple 2013). RNAi has been shown to be effective 
against both the western corn rootworm, Diabrotica virgifera vir-
gifera LeConte and the southern corn rootworm, Diabrotica undec-
impunctata howardi Barber in larvae (Baum et al. 2007; Bolognesi 
et al. 2012; Bachman et al. 2013; Koci et al. 2014; Levine et al. 2015; 
Pereira et  al. 2016, 2017a) and adults (Rangasamy and Siegfried 
2012; Khajuria et al. 2015; Vélez et al. 2016; Fishilevich et al. 2016; 
Pereira et al. 2016, 2017a). Registration of transgenic maize plants 
that express RNAi traits for commercial sale has recently been ap-
proved (EPA 2017) and will be commercialized as soon as key mar-
kets approve (Ahmad et al. 2016, Bachman et al. 2016). RNAi for 
rootworm control will be a new mode of action that can be pyra-
mided with toxins from Bacillus thuringiensis (Bt) and assist in re-
sistance management for transgenic plants developed for rootworm 
control (Head et al. 2017).
The corn rootworm complex includes the southern corn root-
worm, western corn rootworm, and northern corn rootworm, 
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Diabrotica barberi Smith & Lawrence. Southern corn rootworm 
occurs in the southeastern region of the United States and migrates 
during the spring and summer to most of the U.S. east of the Rocky 
Mountains (Krysan 1986). The southern corn rootworm is considered 
a generalist plant pest that feeds on a wide variety of plants, including 
many grasses, cucurbits, soybeans, and peanuts, with corn as a major 
host (Arant 1929, Isely 1929, Meinke et  al. 1985). Adults feed on 
pollen, foliage, and flowers of many plants, causing damage to orna-
mental plants, and to vegetable crops such as cucurbits, tomatoes, and 
dry beans (Arant 1929, Isely 1929). Southern corn rootworm larvae 
are root feeders and cause a similar type of injury to corn as the related 
western corn rootworm. Western corn rootworm larval feeding can 
cause root pruning, a reduction in water and nutrient uptake, plant 
lodging, and grain yield loss (Riedell 1990, Tinsley et al. 2013).
Western corn rootworms have shown to be highly adaptable to 
selection pressure (Miller et al. 2009). Resistance evolution to con-
trol tactics started in late 1950s to insecticides when western corn 
rootworm evolved resistance to cyclodienes (Ball and Weekman 
1962, Wang et al. 2013) and later to carbamates, methyl parathion 
(Meinke et al. 1998, Zhu et al. 2001), and recently to pyrethroids 
(Pereira et al. 2015, 2017b). The western corn rootworm has also 
evolved a behavioral resistance to crop rotation in the eastern Corn 
Belt (Levine et al. 2002) and recently to Bt corn (Gassmann et al. 
2011, 2016; Wangila et  al. 2015; Ludwick et  al. 2017). Cases of 
western corn rootworm resistance evolution in as few as three gen-
erations of larval exposure to Bt expressing corn plants have been 
reported in the laboratory (Meihls et al. 2008, 2011, 2012, 2016; 
Frank et al. 2013).
Resistance evolution in western corn rootworm to RNAi has 
been established in the laboratory from adults emerged from corn 
plants expressing dsRNA in a field experiment (Khajuria et al. 2018). 
RNAi resistance has been observed in the nematode, Caenorhabditis 
elegans, where researchers exposed lab populations to chemical 
mutagens and reported reduced gene silencing to several dsRNAs 
targeting germline-specific genes involved in embryonic development 
and somatically expressed genes targeting a cuticle collagen gene 
(Tabara et al. 1999). In addition, a wild C. elegans population found 
in Hawaii exhibited a mutation in the Argonaute gene which is in-
volved in the RNAi pathway, thus affecting RNAi function (Pollard 
and Rockman 2013).
Although southern corn rootworm differs from western corn 
rootworm in a number of life history parameters and manage-
ment practices, southern corn rootworm was chosen as a model 
Diabrotica species to investigate potential responses to selection by 
repeated exposure to a lethal RNAi target sequence over multiple 
generations because it is easier to rear in the lab and because there 
were rearing diets available for both larvae and adults. In addition, 
the southern corn rootworm does not have an obligatory diapause 
and field collections can be reared directly without establishing a 
non-diapause strain. The objectives of this research were 1) to select 
an southern corn rootworm field-collected laboratory colony for re-
sistance to dsRNA targeting the vacuolar (v)ATPase-A gene which 
encodes an important proton pump and pH regulator located in the 
cell membrane; 2) calculate and compare population growth param-
eters such as intrinsic rate of increase (r), net reproductive rate (R0), 
generation time (T), doubling time (DT), and finite rate of increase 
or growth rate in discrete time (λ), between RNAi-exposed individ-
uals and control, and 3)  assess adult emergence after exposure of 
southern corn rootworm neonates to different vATPase-A dsRNA 
concentrations during selection for resistance.
Materials and Methods
Southern Corn Rootworm Field Population
Approximately 12,000 southern corn rootworm adult males and 
females were collected from commercial pumpkin fields and wild 
sunflower in Lancaster County, Nebraska, to establish a labora-
tory colony. Beetles were maintained in 30  cm3 BugDorm cages 
(MegaView Science Co., Ltd., Taichung, Taiwan) provided with dry 
adult artificial diet (Frontier Agricultural Sciences, Newark, DE) and 
water in a 250-ml plastic bottle containing a 15-cm-long cotton wick 
(Richmond Dental & Medical, Charlotte, SC) suspended through a 
hole in the lid. Diet and cotton wicks were changed twice a week. 
Before selection began, on generation 1 (G1), beetles were split into 
two colonies. The control colony was never exposed to dsRNA and 
the other colony was exposed to different concentrations (LC50 cal-
culation described below in LC50 dsRNA calculation) of dsRNA 
(Table 1), based on the number of insects surviving, as adult first and 
afterward as neonates (Fig. 1).
Southern Corn Rootworm Lab Rearing
Rearing methods were similar to those described by Jackson (1986). 
Eggs were collected weekly in 9.0  cm diameter × 1.4  cm height 
Petri dishes (Fisher Scientific, Pittsburgh, PA) containing layers of 
6.0 × 12.8 cm ~ 50% w/w moistened gauze as oviposition substrate 
Table 1. Summary of selection for resistance in southern corn rootworm adults exposed to vATPase-A dsRNA concentrations (ng/cm2) 
overlaid on artificial diet and percentage of survivorship (±SE) measured 10 d after the last day of exposure to dsRNA
Generationa Number of 3–4 d exposure periods to dsRNA dsRNA concentration (ng/cm2)
% adult survival (±SE) 10 d after last 
day of exposure to dsRNA in cages
Nb RNAi-selectedd Nb Controle
2 3 244.3 1 18c 3 75 ± 2.6
4 1 97.6 2 11 ± 10.1 2 71 ± 1.7
5 2
1
16.4
55.4
3 20 ± 5.4 4 54 ± 5.2
6 2 65 4 5 ± 2.4 4 75 ± 2.1
aInsects from G3 and G7 were not exposed.
bNumber of rearing cages.
cNo standard error reported because of insufficient number of replicates.
dRNAi-selected strain: beetles were exposed to dsRNA on agar-based artificial diet and switched to dry artificial diet (Frontier Agricultural Sciences, Newark, 
DE).
eControl strain: beetles fed on agar-based artificial diet for the same period as RNAi-selected beetles were exposed to dsRNA before switched to dry artificial diet.
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(12.8 cm × 550.0 cm, Surgitube, Derma Sciences Inc., Princeton, NJ). 
Eggs were washed from the gauze and collected using a # 30-mesh 
sieve (500 µm) on top of a # 60-mesh sieve (250 µm) (Hogentogler & 
Co. Inc., Columbia, MD) in tap water at room temperature. The eggs 
were placed in clean 9.0 cm Petri dishes containing fine autoclaved 
soil sifted through # 60-mesh sieve and stored at 14°C until use. 
Eggs were then placed at room temperature of 25°C to hatch. Two 
different rearing containers were used depending on the number 
of eggs and neonates hatched. Between 150 and 180 neonates 
were transferred to 34.6  × 21.0  × 12.4  cm or 350–400 neonates 
were transferred to 58.4 × 41.3 × 15.2 cm clear plastic containers 
(Sterilite Corporation, Clinton, SC) planted with a stand of about 
1–2 seeds/cm2 of untreated, non-transgenic corn (Reid’s yellow dent, 
Seed Savers Exchange, Decorah, IA) in a potting soil mix (Schultz 
Moisture Plus, Oldcastle Lawn & Garden, Inc., Atlanta, GA). 
Containers with corn plants were maintained in a walk-in chamber 
at 25 ± 1°C, relative humidity of 60–80% and photoperiod of 16:8 
(L:D) h. After emergence, adults were transferred and maintained in 
BugDorm cages provided with dry southern corn rootworm artificial 
diet (Frontier Agricultural Sciences) and water.
The percentage egg hatch was determined during generations 
(G) G3, G5, and G9 by placing egg samples of 100–150 eggs on 
moistened filter paper in 5.0 cm diameter Petri dishes (#7242, Pall 
Corporation, Port Washington, NY) with 6 Petri dishes/colony. Egg 
hatch was recorded daily until no hatch was observed for three con-
secutive days.
LC50 dsRNA Calculation
The lethal concentration that kills 50% of insects tested (LC50s) 
was calculated on G2 (control) and G4 (control and RNAi-selected) 
for adults, and G7 (control) for neonates (Fig. 1). The adult and 
larval LC50 values for vATPase-A dsRNA were determined by ex-
posing the insects to increasing concentrations of dsRNA (0.1, 
1.0, 10, 100, 1000 ng/cm2) plus control (nuclease-free water only). 
For adults, 12 artificial diet pellets cut with a cork borer (4.0 mm 
diameter × 2.0 mm height; area = 0.1256 cm2) were placed in each 
well (5.0 cm × 2.5 cm × 2.5 cm) with 10 unsexed adults per well 
in 16-well trays (C-D International, Pitman, NJ) using four wells 
per treatment. Each pellet was treated with 3 µl of dsRNA solution/
pellet for each respective concentration. Trays with freshly treated 
diet were provided every other day for 10 d after which beetles 
were provided with untreated diet. Mortality was recorded after 15 
d. Control wells were treated with nuclease free water only. Larval 
susceptibility was determined using 96-well plates (Costar # 3595, 
Corning Incorporated, Corning, NY) filled with 200 µl of artificial 
diet (Frontier Agricultural Sciences, Newark, DE) and treated with 
increasing concentrations of vATPase-A dsRNA (0.01, 0.1, 1.0, 10, 
100, 1,000  ng/cm2) plus control (nuclease free water only). Eggs 
were surface sterilized as described in Pleau et al. (2002), placed in 
9-cm Petri dish with moist filter paper and held in an incubator at 
27°C, 80% RH until hatching. Diet was surface treated with 20 µl 
of dsRNA solution for each respective concentration, allowed to dry 
and a single neonate was transferred to the wells using a fine camel 
hair brush. Three plates were used for each bioassay with 12 neo-
nates per row for a total of 36 neonates for each concentration. Each 
plate was sealed with plate sealer (Excel Scientific, Inc., Victorville, 
CA; # TSS-RTQ-100) with one hole punched per well using a # 0 
insect pin and held at 25°C, 80% RH in the dark. Mortality was 
recorded after 12 d. Control wells were treated with 20 µl of nu-
clease free water. Only those bioassays in which control mortality 
was <20% and that did not exhibit microbial contamination of diet, 
were included in further analysis.
Selection for Resistance to vATPase-A dsRNA
For the RNAi-selected colony, adults from G2 and G4–G6 were 
exposed to dsRNA by feeding on agar-based corn rootworm adult 
diet modified from Branson and Jackson (1988) and described in 
Khajuria et  al. (2015) in 9.0  cm Petri dishes filled with approxi-
mately 3–4 mm with artificial diet. The diet was surface treated with 
900 µl of dsRNA solution that covered the surface evenly, let dry 
and adults fed continuously on the treated diet for 3–4 d. Each cage 
was provided with one treated diet plate per approximately 100–150 
adults. After exposure to dsRNA treated diet, adults were provided 
with untreated dry artificial diet and water. During adult selection, 
adults from the control colony were maintained on untreated arti-
ficial diet for the same period as the selected colony fed on dsRNA 
and then switched over to dry artificial diet. Adult mortality and 
egg production were recorded weekly in each cage and during each 
generation.
After four generations on adults, selection was shifted to larvae 
in order to increase the number of individuals exposed to dsRNA 
at each generation. For larval selection (G8–G10), neonates from 
the RNAi-selected adults (G7) were exposed to dsRNA on treated 
artificial diet in 15.0 cm × 1.5 cm Petri dishes (VWR International, 
Radnor, PA) overlaid with dsRNA solution (~1.5 ml and let dry) and 
allowed to feed for 4 d (Table 2). After exposure to dsRNA treated 
artificial diet, larvae were transferred to rearing containers with ger-
minated seed corn and reared to adults as described above in the 
rearing section. Neonates from the control colony were maintained 
on untreated larval artificial diet for the same period as the selected 
neonates before transferred to containers with germinated seed corn.
To assure enough insects to continue the generations, the con-
centration of dsRNA used during the selection were adjusted based 
on the number of surviving adults. If the number of eggs laid by 
surviving adults after dsRNA exposure during adult selection, or 
number of adults emerging from containers after larval exposure to 
Fig. 1. Schematic illustration of selection for resistance to vATPase-A dsRNA in southern corn rootworm. Over 12,000 adult beetles were collected in Lincoln and 
surrounding areas, Nebraska. The beetles were split in two colonies, one that was exposed to vATPase-A dsRNA in generations 2, 4–6 as adults and generations 
8–12 as larvae. On generation 13, adult beetles from both colonies were exposed to LC90 vATPase-A dsRNA on artificial diet and the colonies were terminated 
afterward. *Adult LC50 assay; **Larval LC50 assay. 
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dsRNA was high enough, a higher concentration was used; other-
wise, a lower concentration was used. Concentrations can be seen in 
Tables 1 (adult selection) and 2 (larval selection).
During all generations of adult selection for resistance, adult 
mortality in the RNAi-selected cages was compared with the control 
cages 10 d after the last day of dsRNA exposure. The cumulative 
number of eggs per 10 individuals in the cages was recorded until 
oviposition of the RNAi-selected colony was no longer observed. 
The egg production was estimated per 10 adults rather than per fe-
male to minimize the labor associated with sexing individual beetles 
under the microscope; besides, the proportion of males and females 
in the cages changed over time, with more males at the beginning of 
the generation and more females towards the end of the generation. 
Between one and four cages were maintained per colony for each 
generation (Table 3) with each cage containing between 140 and 
1,000 beetles for the RNAi-selected colony, and between 500 and 
1,200 beetles for the unselected colony. To ensure enough individ-
uals were available to maintain the colony, selection for resistance 
was not performed in G3 and G7 because of the low number of eggs 
generated by the adult survivors after exposure to dsRNA (Fig. 1).
Southern Corn Rootworm-Specific vATPase-A 
dsRNA Synthesis
For adult selection, dsRNA was synthesized in the Toxicology lab, 
Department of Entomology. For larval selection, a large amount 
(10  mg) of lyophilized vATPase-A dsRNA was purchased from 
Genolution Inc. (Seoul, South Korea). A single southern corn root-
worm adult was homogenized in a 1.5 ml microcentrifuge tube to 
extract total RNA using TRIzol (Invitrogen, Carlsbad, CA) after 
which 1.0 µg of total RNA was used to synthesize cDNA using 
QuantiTect reverse transcription kit (Qiagen, Valencia, CA). The 
PCR templates for in vitro transcription of southern corn root-
worm-specific dsRNAs were amplified using gene-specific primers 
from western corn rootworm tailed with the T7 polymerase pro-
moter sequence (TAATACGACTCACTATAGGG). The primers for 
the putative western corn rootworm vATPase subunit-A ampli-
fied a 258 bp fragment derived from an expressed sequence tag 
(accession # CN498337.): 5′-(T7)TATTGTACAGGTG-3′ and 5′-
(T7)CAATTTCCAAG-3′. After confirming template sequence for 
southern corn rootworm from western corn rootworm, southern 
corn rootworm-specific vATPase-A dsRNA was synthesized in 
vitro using MEGAscript high-yield transcription kit (Applied 
Biosystems Inc., Foster City, CA), purified using a RNAeasy Mini 
kit (Qiagen) following the manufacturer’s protocol and stored at 
−20°C (Rangasamy and Siegfried 2012). The southern corn root-
worm vATPase-A dsRNA primers amplified a 289  bp fragment. 
Gene knockdown in southern corn rootworm larvae and adults 
by vATPase-A dsRNA has been previously confirmed by quantita-
tive real-time PCR and is described and reported in Pereira et al. 
(2016).
Table 3. Cumulative number of eggs (±SE) per 10 adults from rearing cages during selection for resistance to vATPase-A dsRNA in southern 
corn rootworm
Life stage exposed Generation Colony Cumulative number (mean ± SE) of eggs per 10 adults # Cages
Adult 2 Control 755.7 ± 20.3 3
RNAi 83.3a 1
Adult 4 Control 1991.8 ± 45.9b 2
RNAi 798.7 ± 33.4 2
Adult 5 Control 2183.6 ± 236.1b 4
RNAi 1176.8 ± 178.1 3
Adult 6 Control 1221.7 ± 91.6b 4
RNAi 418.9 ± 68.8 4
Larval 8 Control 1764.5 ± 472.6 3
RNAi 1150.1a 1
Larval 9 Control 3873.9 ± 176.1 4
RNAi 2821.7a 1
Larval 10 Control 2467.3a 1
RNAi 2265.1 ± 318.9 2
aNo standard error reported because of insufficient number of replicates.
bSignificantly different with pair-wise comparisons between control and RNAi-selected strains using PROC GLIMMIX in SAS, at α < 0.05. Analysis was per-
formed only on those generations that each colony had more than one cage.
Table 2. Summary of selection for resistance in southern corn rootworm neonates exposed to vATPase-A dsRNA concentrations (ng/cm2) 
overlaid on artificial diet and percentage survivorship (±SE) to adult stage from containers per generation after dsRNA exposure
Generation Number of 4-d exposure periods to dsRNA dsRNA concentration (ng/cm2)
% adult emergence (±SE) from rearing 
containers
Na RNAi-selectedb Na Controlc
8 1 10 13 5.2 ± 2.2 26 23.5 ± 4.0
9 2 15 2 7.0 ± 3.2 6 61.1 ± 7.7
10 1 15 10 18.2 ± 1.7 4 13.2 ± 2.5
aNumber of rearing containers.
bRNAi-selected strain: Neonate larvae were exposed to dsRNA on artificial diet (Frontier Agricultural Sciences, Newark, DE) and transferred to rearing con-
tainers containing germinating untreated corn seeds.
cControl strain: neonate larvae fed on southern corn rootworm artificial diet for the same period as RNAi-selected neonates were exposed to dsRNA before 
transferred to rearing containers with germinating corn.
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Diagnostic Bioassay
During the 13th generation of rearing and selection, the number of 
adults and eggs were insufficient to perform a complete concentration-
response bioassay. Therefore, adult susceptibility was assessed by expo-
sure to a single concentration of 210 ng/cm2 of vATPase-A dsRNA, 
which approximated the LC90 calculated for the control colony at 
G4. Mortality was recorded after 10 d for both RNAi-selected and 
control colonies using the methods described previously for bioassays. 
Diagnostic bioassays were replicated in 15-well trays with each well 
containing 10 beetles feeding on dsRNA treated artificial diet. Bioassays 
were performed twice which yielded 30 replicates per treatment.
Life Table Analysis
Intrinsic rate of increase or growth rate (rm) (Gotelli 1995) was cal-
culated for RNAi-selected and control colonies during the larval 
selection for resistance in G9 and G10 based on weekly mortality 
and fecundity data obtained from each rearing cage and number of 
beetles emerging from rearing containers (adult emergence from con-
tainers was not recorded during G8). Fecundity was calculated per 10 
adults in each cage. Mortality and fecundity data in the cages were 
averaged over one to four cages per colony (Table 3). The number 
of rearing containers for both dsRNA-exposed and control varied 
between 2 and 15 for each colony and at each generation (Table 2).
We estimated the population growth potential for RNAi-selected 
and control colonies using the Euler equation (Gotelli 1995).
1 =
ˆ k
0
exp(−rmx)l(x)b(x),
where rm is the intrinsic growth rate or growth rate in continuous 
time, l(x) is the survivorship of an individual of age x, b(x) is the 
average number of female offspring born per unit time to an indi-
vidual of age x, and k indicates the maximum age of a cohort. This 
model ignores density dependent processes and assumes the popu-
lation is growing exponentially. The equation was solved using the 
uniroot-function in the software package R (R-Core-Team 2017). 
We also calculated the growth rate in discrete time (λ = exp(rm)), 
the net reproductive rate 
Ç
R0 =
k∑
x=0
l(x)b(x)
å
, the generation time Å
T =
∑k
x=0
l(x)b(x)x
l(x)b(x)
ã
, and the doubling time DT (DT = log(2)/rm). 
The values estimated for DT are medians instead of means because 
some of the values for rm in the replicates were close to zero and thus, 
would generate higher and inaccurate values for DT.
Adult Emergence
Adult emergence was recorded from rearing containers for G9 and 
G10 during larval selection for resistance. During this period, neo-
nates were exposed to varied concentrations of vATPase-A dsRNA 
treated artificial diet for 4 d (Table 2) before being transferred to 
larval rearing containers. Adult emergence was recorded daily from 
each container for approximately 2 wk until no beetles emerged for 
four consecutive days.
Statistical Analysis
POLOPlus-PC software (LeOra 1987) probit analysis was used to 
analyze the mortality and generate the LC50s. POLOPlus corrects 
for control mortality automatically using Abbott’s formula (Abbott 
1925). Egg viability (egg hatch) from each strain (control and RNAi-
selected) during G3, G5, and G9 and mean egg production per 10 
adults in the cages were set up in a randomized complete block 
design and were analyzed by pair-wise comparisons in least square 
means using PROC GLIMMIX in SAS 9.4, at α < 0.05. For viability, 
eggs were collected in three different dates (block), one cohort per 
week, the replicates were the random effects and the egg hatch data 
were the fixed effects. For egg production per 10 adults, replicates 
were the random effects and eggs/10 adults were the fixed effects.
For the statistical analysis of the life-table parameters we used 
R (version 3.4.3, R Core Team 2017). Analysis of variance was per-
formed using treatment and generation as independent variables and 
the life table parameters as dependent variables. We also tested for 
an interaction between treatment and generation. We tested the nor-
mality assumptions with QQ-plots and presented normal distribu-
tion. Then we calculated the least square means and performed an 
ad hoc Tukey test.
A completely randomized design with an unbalanced number of 
replicates (containers) was used to compare cumulative adult emer-
gence in G9 and G10. The replicates were random effects and strains 
(control and selected-RNA) were fixed effects. Data were fitted to 
a nonlinear regression model (Fig. 2) using the Gauss–Newton it-
erative method (Stilwell et al. 2010). Each generation was analyzed 
separately, therefore, data are independent. The parameters (in days) 
such as 1)  time elapsed before reaching linear emergence [Eonset = 
(b − 2)/−c], 2)  inflection point or time to reach maximum linear 
emergence (Emax = b/−c), 3) termination point of the linear emergence 
[Eend = (b + c)/−c], and 4)  total days of linear emergence increase 
(Eduration = 4/−c), where ‘b’ and ‘c’ are constants generated in PROC 
NLIN in SAS 9.4 (Boetel et al. 2003), were calculated for both col-
onies (Dybing et al. 1988, Boetel et al. 2003). The data generated for 
the parameters were checked for normality and presented normal 
distribution. Parameters were pair-wise compared between the col-
onies in least square means using PROC GLIMMIX in SAS 9.4 (SAS 
Institute, Cary, NC), at α< 0.05.
Results
Selection for Resistance
After seven generations of selection (four in adults; three in larvae), 
there was no detectable change in susceptibility of southern corn 
rootworm to vATPase-A dsRNA. Adult survivorship, when com-
pared with the control colony 10 d after the last day of exposure to 
Fig. 2. General curve of cumulative number of southern corn rootworm 
beetles emerged from containers and the respective parameters measured: 
Eonset, time elapsed before reaching linear emergence; Emax, time to 
reach maximum linear emergence; Eend, termination point of the linear 
emergence; Eduration, duration of linear emergence increase (see Materials 
and Methods for more details).
Journal of Economic Entomology, 2019, Vol. 112, No. 3
1359
dsRNA varied from 5 to 30% in the RNAi-selected colony and from 
54 to 75% in the control colony (Table 1). Total percentage survival 
from larva to adult in each rearing container from G8 to G10 is pre-
sented in Table 2. Survival in the RNAi-selected and control colonies 
varied from 5 to 18% and 13 to 61%, respectively.
At G4, G5, and G6, the cumulative number of eggs per 10 adults 
was significantly higher in control cages when compared to RNAi-
selected cages (Table 3). During G2 and larval selection generations, 
there were not enough beetles generated to provide adequate repli-
cation; therefore, statistical comparisons were not possible (Table 
3). However, egg production was consistently higher in the control 
colony when compared to the RNAi-selected colony.
Mean percentage egg hatch was not significantly different 
between RNAi- selected and control colonies during G3 (con-
trol = 58 ± 2%; RNAi-selected= 59 ± 8%) and G9 (control = 46 ± 
2%; RNAi-selected = 47 ± 1%). Although the difference was small, 
significantly greater egg hatch was noted in the control relative to the 
RNAi-selected colony although the difference was during G5 (con-
trol = 57 ± 3%; RNAi-selected= 50 ± 4%). In general, the results of 
egg viability tests would suggest that the effect of RNAi exposure on 
egg viability is moderate to insignificant.
Prior to dividing the initial population into RNAi-selected and 
control colonies (G2), the LC50 was estimated to be 55.4  ng/cm
2 
(Table 4). At G4, the LC50 for the control was 24.9 ng/cm
2 and the 
RNAi-selected colony was 16.4  ng/cm2 with confidence intervals 
overlapping for all values (Table 4). During G7, the LC50 generated 
for neonates from the control colony was 5.12 ng/cm2 (Table 4). At 
G13, mortality of southern corn rootworm adults from both col-
onies exposed to the LC90 (210 ng/cm
2 calculated at G4) were similar 
in both the control and selected colonies after 10 d, reaching 97% 
(±1.7) in control and 91% (±4.1) in RNA-selected colony (Fig. 3).
Population Growth Parameters During Larval 
Selection
Growth rate in continuous time (rm) and in discrete time (λ) were sig-
nificantly greater for the control strain when compared to the RNAi-
selected colony in G9 (P < 0.0001) (Table 5). Generation time (T) 
was significantly greater for the RNAi-selected colony during gen-
erations G9 (P < 0.0001) and G10 (P < 0.0001) when compared to 
control (Table 5). DT was significantly greater for the control colony 
on G9 (P  <  0.0001), but significantly smaller than RNAi-selected 
colony on G10 (P < 0.0001) (Table 5). Net reproductive rate (R0) 
was significantly greater for the control colony when compared to 
the RNAi-selected colony during G9 (P < 0.0001), but was not sig-
nificantly different on G10 (P = 0.3045) (Table 5).
Adult Emergence During Larval Selection
Delays in adult emergence were observed in each generation of 
larval selection, as illustrated in Fig. 4 and Table 6. During G9, Emax 
(t  =  0.0033) and Eend (t  =  0.0022) were significantly different be-
tween control and RNAi-selected colonies, with delays ranging from 
5 to 6 d for the RNAi-selected relative to the control. Although 
the difference in number of days to reach the parameters Eonset and 
Eduration at G9 in RNAi-selected and control were 4 d and 2 d, respect-
ively, differences were not statistically significant. In G10, the param-
eters Eonsect, Emax, and Eend were significantly different between control 
and RNAi-selected colonies, with the RNAi-selected colony taking 
from 2 d to 8 d longer to reach each parameter when compared to 
control (Fig. 4; Table 6).
Discussion
Selection for resistance to synthetic insecticides as well as purified 
Bt toxins and transgenic plants that express Bt toxins has been 
performed with many insect pests under laboratory conditions. 
Although the evolution of resistance under laboratory conditions 
does not necessarily indicate that resistance will also evolve under 
field conditions with high selection pressure nor will laboratory re-
sistance affect pesticide efficacy in the field, it may provide insight 
into potential resistance mechanisms (Keiding 1986, Georghiou 
1994, Tabashnik et al. 2014). Additionally, resistant populations are 
essential for studies of heritability and genetics, as well as providing 
insight into recommendations for preventive resistance management 
tactics (Ferré and Van Rie 2002, Meihls et al. 2011).
Results of the present study indicate that susceptibility of 
southern corn rootworm to vATPase-A dsRNA did not change 
(Fig. 3) after a total of seven generations of selection with concen-
trations of dsRNA that should have caused significant mortality in 
both adults and larvae (Tables 1 and 2). It is not possible to esti-
mate the intensity of selection across the various generations because 
exposure conditions (dsRNA concentration used) were continually 
adjusted to allow insects to survive and produce enough individ-
uals to continue the subsequent generations; again, if higher number 
of eggs were laid by surviving females or higher number of adults 
emerged from containers after larval selection, dsRNA concentra-
tion was increased compared to previous generation (Tables 1 and 
2). However, such changes in selection may more accurately reflect 
field conditions if adults or especially larvae move from transgenic 
to refuge plants and vice versa in a blended refuge environment. In a 
study of resistance selection to Bt in western corn rootworm, Meihls 
et  al. (2008) did not see change in susceptibility of western corn 
rootworm to Bt toxin when neonates were reared on Bt corn ex-
pressing Cry3Bb1 for short periods and then transferred to isoline 
corn to complete development. However, when reared continuously 
on Cry3Bb1 expressing plants, resistance evolved in as few as three 
generations (Meihls et al. 2008). Even though we used artificial diet 
during selection for resistance and a different species than western 
corn rootworm in our experiments, we did not report resistance evo-
lution in southern corn rootworm after adults or neonates fed for 
a limited time on dsRNA before offered untreated diet (adult se-
lection) or transferred to untreated corn plants (larval selection), in 
similar ways as in Meihls et all (2008).
Our results indicate that southern corn rootworm susceptibility 
to vATPase-A dsRNA overlaid on artificial diet did not change 
Table 4. Lethal concentrations (LC50, 95% confidence interval) calculated for control and RNAi-selected colonies during selection for resist-
ance to vATPase-A dsRNA
Life stage Generation Colony ng dsRNA/cm2 (95% CI) Slope (±SE) X2 (df)
Adult 2 Control (initial) 55.4 (29.7–103.9) 1.05 (0.14) 2.94 (3)
4 Control 24.9 (16.2–38.2) 2.26 (0.39) 0.02 (3)
RNA 16.4 (2.34–73.9) 1.43 (0.23) 9.22 (4)
Larvae 7 Control 5.12 (1.84–15.03) 0.58 (0.13) 1.16 (4)
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after multiple generations of exposure to lethal dsRNA between 
G2 and G10 (Fig. 3). Among possible reasons that we did not see 
resistance evolution to RNAi in southern corn rootworm, perhaps 
the most likely relates to a low frequency of resistant alleles in field 
populations. Although we initiated the colony from approximately 
12,000 adults, if the frequency of resistance was exceedingly low 
(i.e., <0.0001), it is likely that resistance alleles were absent in the 
population sampled. Another possibility is that resistant alleles were 
present in the initial sampling but were lost during normal rearing 
practices, unrelated to selection. It is also important to note that 
RNAi-deficient insects can be more susceptible to virus infection and, 
therefore, might just not survive in the nature (Gammon and Mello 
2015). However, our results are still informative and suggest that re-
sistance to RNAi technologies in southern corn rootworm is likely to 
be rare. Differently from our study that exposed the insects to dsRNA 
overlaid on artificial diet, Khajuria et al. (2018) reported resistance 
evolution in western corn rootworm to Snf7 dsRNA expressed in 
corn plants.
It should also be noted that southern corn rootworm resistance 
to any insecticide is rare with the only reported instance to the or-
ganochlorine insecticide DDT (Bigger 1963, Chio et  al. 1978), al-
though direct comparison of resistant and susceptible southern corn 
rootworm strains was not reported in those studies. Compared to 
the western corn rootworm, there is a general lack of reported re-
sistance in southern corn rootworm, and it is possible that results 
observed for this species do not reflect the same resistance potential 
as for western corn rootworm. It is known that gene flow or migra-
tion of populations is one of the factors that can delay resistance 
evolution in a population (Roush and Daly 1990). Because southern 
corn rootworm beetles move from host to host and northern areas 
of Eastern North America are annually recolonized (Krysan 1986), 
gene flow of susceptible individuals from different areas may reduce 
selective pressure, and as a consequence, resistance is rarely observed 
in field populations in this species. Therefore, southern corn root-
worm-resistant alleles to any pesticide may be rare in such a way 
that we would need much higher number of adult beetles from the 
field to perform resistance studies.
As previously described, laboratory selection experiments have 
shown that western corn rootworm resistance evolution to trans-
genic plants expressing Bt can occur in as few as three generations 
(Meihls et al. 2008, 2012). Other laboratory selection experiments 
have shown western corn rootworm resistance evolution to Bt toxins 
in ≤11 generations of exposure, confirming that western corn root-
worm has the potential and an unconditional elasticity to evolve re-
sistance under laboratory conditions (Lefko et al. 2008; Meihls et al. 
2008, 2011, 2012, 2016; Oswald et  al. 2011; Frank et  al. 2013). 
However, the comparison of susceptibility of southern corn root-
worm to Bt is not appropriate, given that southern corn rootworm is 
not greatly affected by Bt corn, and that none of the commercial Bt 
corn available labels southern corn rootworm as target pest.
Although repeated exposure to lethal dsRNA in both adult and 
larval stages of southern corn rootworm did not affect overall sus-
ceptibility, comparisons of growth parameters in selected and con-
trol populations allowed evaluation of potential fitness costs in those 
individuals that survived exposure. In our studies, the population 
growth parameters measured throughout the larval selection during 
G9 were consistently higher in the unselected population. Neonates 
which were selected by exposure to dsRNA and then transferred to 
corn plants showed 75% reduction in growth rate (rm) in G9 when 
compared to the control (Table 5). Similarly, a reduction in the fi-
nite rate of increase (λ) for the RNAi-selected colony (75%) was 
observed on G9 (Table 5). The net reproductive rate (R0) was 12-fold 
Fig. 3. Southern corn rootworm adult mortality during 10 d of exposure to vATPase-A dsRNA to 210 ng/cm2 in RNAi-selected and control colonies. Data points 
are means (±SE) of 30 replicates containing 10 adults per replicate calculated for control and RNA exposed mortality values.
Table 5. Comparison of southern corn rootworm population growth parameters (mean ± SE) between control and RNAi-selected popula-
tions during two generations (9–10) after neonates were exposed to vATPase-A dsRNA
Generation rm R0 T DT λ
Control RNAi Control RNAi Control RNAi Control RNAi Control RNAi
9 0.093 ± 0.003a 0.025 ± 0.005 84.3 ± 6.4 7.4 ± 11.0a 53.1 ± 0.9 86.7 ± 1.6a 7.5 ± 1.0 28.2 ± 1.7a 1.097 ± 0.003 1.025 ± 0.005a
10 0.039 ± 0.003a 0.056 ± 0.002 6.8 ± 7.8 23.4 ± 4.9 47.8 ± 1.1 60.9 ± 0.7a 18.5 ± 1.1 12.5 ± 0.8a 1.040 ± 0.004 1.058 ± 0.002a
rm, growth rate in continuous time; R0, net reproductive rate (females produced per each female per generation); T, mean generation time (days); DT, time for 
the population to double in size (days); λ, growth rate in discrete time.
aSignificantly different within pair-wise comparison using R, at α = 0.05. DT values are medians because based on the formula (DT = log(2)/r), some of the ‘r’ 
values in the replicates were too small and they would generate higher and inaccurate values for DT. N for control and RNAi-selected in each generation (pro-
vided in Table 2).
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higher in the control when compared to the RNAi-selected colony 
during G9, indicating that selection for resistance in larvae can 
have an impact on reproductive fitness in surviving adults (Table 5). 
However, net reproductive rate (R0) was lower on control compared 
to the RNAi-selected colony in G10 and generation time (T) was 
lower on control colony in both G9 and G10 (Table 5), which could 
be an indication of inbreeding. To our knowledge, there has not been 
any study of inbreeding in the literature for southern corn root-
worm. Marrone et al. (1985) reported the comparison of southern 
corn rootworm reared on a modified artificial diet and corn, and au-
thors concluded that 10-d development was similar on both rearing 
media after six generations. This may not be inbreeding but provides 
evidence of successful selection experiment in southern corn root-
worm (Marrone et al. 1985). In the other hand, studies have shown 
the genetic diversity in inbred western corn rootworm laboratory 
colonies (Kim et al. 2007) and that this diversity may explain the 
history of western corn rootworm to evolve resistance to control 
strategies (Flagel et al. 2014).
We observed a clear detrimental effect of exposure to dsRNA in 
larvae that survived exposure to dsRNA during larval development. 
Based on our studies, a delay in developmental time was observed 
from neonates to adults in the RNAi-selected colony, when com-
pared to the control colony. The effect generated a consistent delay 
up to 8 d in adult emergence between generations during larval se-
lection when compared to unselected colony (Table 6; Fig. 4). Delays 
in western corn rootworm adult emergence up to 8 d have also been 
reported to the Bt toxins eCry3.1Ab and mCry3A, and to the com-
bination of both toxins (Hibbard et al. 2011). Storer et al. (2006) 
documented a range of delays from three to 7 d in western corn root-
worm adult emergence from corn hybrids expressing Cry34/35Ab1 
when compared to isoline plants. Hibbard et  al. (2010) reported 
50% delay in western corn rootworm adult emergence from corn 
hybrids expressing mCry3A protein when compared to non-Bt 
plants. Murphy et al. (2010) and Clark et al. (2012) reported western 
corn rootworm males emerging from refuge plants up to 18 d before 
females from Cry3Bb1 corn plants, concluding that this delay could 
affect the random mating between potential heterozygotes emerging 
from the Bt plants and susceptible individuals emerging from refuge, 
potentially facilitating resistance evolution. Petzold-Maxwell et  al. 
(2013) reported delay in northern corn rootworm and western corn 
rootworm adult emergence from Bt plants expressing Cry3Bb1 up 
to 12 d when compared to non-Bt plants. Calles-Torrez et al. (2018) 
reported a delay of 5–7 d to reach 50% cumulative adult emergence 
in western corn rootworm and northern corn rootworm from plants 
expressing proteins Cry34/35Ab1, Cry3Bb1, or both pyramided. 
Pereira et al. (2017a) reported sublethal effects of exposure to dsR-
NAs in southern corn rootworm including delay in larval develop-
ment, which could consequently lead to a delay in adult emergence. 
Random mating between susceptible and potential resistant beetles 
is one of the key assumptions for the transgenic plants to be effective 
and durable in the field (Andow et al. 2016). Therefore, the delay in 
adult emergence found in our study could possibly affect the mating 
synchronism in the field and consequently affect corn rootworm re-
sistance management.
It is important to point out that selection for resistance utilizing 
artificial diet to expose insects to the toxin may not be the best meth-
odology to compare with field-evolved resistance. However, corn 
plants expressing dsRNA are not available and when available, they 
will be pyramided with Bt proteins. Current RNAi technology will 
be deployed predominantly to target western corn rootworm, but it 
can also affect southern corn rootworm as shown in previous studies 
(Pereira et al. 2016, 2017a). Additionally, exposure to toxins often 
has consequences to fitness (in this case the delay in adult emer-
gence), and could possibly indicate initial levels of resistance evolu-
tion (Pereira et al. 2017a). Therefore, resistance studies are valuable, 
even with close relatives to help understanding potential resistance 
mechanisms, preventing resistance evolution, and improving re-
sistance management. Despite that the dsRNA used in our study 
Fig. 4. Percentage of cumulative southern corn rootworm adult emergence in control and RNAi-selected populations from generations 9 and 10 in days after 
transfer of exposed larvae to corn plants in containers during selection for resistance to vATPase-A dsRNA.
Table 6. Comparison of southern corn rootworm adult emergence parameters (days) (mean ± SE) between control and RNAi-selected 
populations during two generations (9–10) after neonates were exposed to vATPase-A dsRNA
Generation
Eonset Emax Eduration Eend
Control RNAi Control RNAi Control RNAi Control RNAi
9 23 ± 0.3 27 ± 2.7 25 ± 0.3a 30 ± 1.1 3 ± 0.2 5 ± 3.2 26 ± 0.5a 32 ± 0.2
10 21 ± 1.2a 28 ± 0.5 23 ± 1.3a 31 ± 0.7 6 ± 0.8 4 ± 0.6 27 ± 1.5a 32 ± 1.0
Eonset, time elapsed before reaching linear emergence; Emax, time to reach maximum linear emergence; Eduration, duration of linear emergence increase; Eend, termin-
ation point of the linear emergence.
aSignificantly different within pair-wise comparison using PROC GLIMMIX in SAS, at α < 0.05. N for control and RNAi-selected in each generation (provided 
in Table 2).
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(vATPase-A) is different from the dsRNA that will be deployed in 
corn plants soon (Snf7), the importance of developing a resistant 
colony to RNAi in the lab is essential for cross-resistance studies. 
Khajuria et al. (2018) reported that western corn rootworm resistant 
to Snf7 exhibited cross-resistance to other dsRNAs tested. The infor-
mation of cross-resistance with other dsRNAs is not new, given that 
Tabara et al. (1999) reported the insensitivity of a mutant-laboratory 
generated nematode strain of C. elegans resistant to several dsRNAs. 
Therefore, testing if an RNAi-resistant strain of corn rootworm is 
cross-resistant with other dsRNAs is essential regardless of the spe-
cies and the target gene.
In conclusion, we documented the lack of resistance evolution 
in southern corn rootworm after seven generations of selection in 
both adults (4 generations) and larvae (3 generations) to vATPase-A 
dsRNA on artificial diet. Studies of selection for resistance and sub-
lethal effects of RNAi involving other corn rootworm species, espe-
cially western corn rootworm, should continue. Such experiments 
will become more feasible after corn plants expressing dsRNA be-
come commercially available (EPA 2017, Head et  al. 2017, Moar 
et al. 2017). Our study also documented that exposures of southern 
corn rootworm to dsRNA affected important life history traits and 
fitness, especially causing a delay in adult emergence after neonate 
exposure. These results suggest that exposure to dsRNA in trans-
genic plants could affect both larvae and adults. The initial release 
of corn plants expressing RNAi traits is projected to start in the 
near future. Therefore, resistance risk assessment for any targeted 
Diabrotica species will be key to delay resistance evolution.
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